In this paper, a non-Fourier heat conduction model of ultra-short pulsed laser ablation of metal is established that takes into account the effect of the heat source, laser heating of the target, the evaporation and phase explosion of target material, the formation and expansion of the plasma plume, and interaction of the plasma plume with the incoming laser. Temperature dependent optical and thermophysical properties are also considered in the model due to the properties of the target will change over a wide range during the ultra-short pulsed laser ablation process. The results show that the plasma shielding has a great influence on the process of ultra-short pulsed laser ablation, especially at higher laser fluence. The non-Fourier effect has a great influence on the temperature characteristics and ablation depth of the target. The ultra-short pulsed laser ablation can effectively reduce the heat affected zone compared to nanosecond pulsed laser ablation. The comparison between the simulation results and the experimental results in the literature shows that the model with the plasma shielding and the non-Fourier effect can simulate the ultra-short pulsed laser ablation process better.
Introduction
Ultra-short pulsed laser ablation has received significant attention recently due to their better control, high power density, low energy dissipation, smaller heat-affected area, minimal collateral material damage, lower ablation thresholds, and excellent mechanical properties [1, 2] . Therefore, Ultra-short pulsed laser ablation is being used in a variety of applications such as nanoparticle manufacturing [3, 4] , micromachining [5] [6] [7] , surface modification [8] , laser ablation propulsion [9] , laser-induced breakdown spectroscopy [10] , laser welding [11] , among many others. During the ultra-short pulsed laser ablation process, the interaction between the laser beam and the target material will result in the ablation of the target and consequently the formation of a crater on the target surface [12] . The two ablation mechanisms widely recognized by researchers are the evaporation and the pulse explosion [13] .
Because the interaction time of ultra-short pulsed laser with material is very short (~10 −13 s) and the heat-affected area is very small (~10 −7 m) [14] , it is difficult to study the relevant physical mechanism of ultra-short pulsed laser ablation by experiment. Therefore, ultra-short pulsed laser ablation has always been a research field in which mathematical models play an important role [14] . The heat conduction model based on the Fourier law can successfully deal with the most heat transfer irradiated by ultra-short pulsed laser. The model considers both evaporation and phase explosion, and also considers the plasma expansion and the interaction of the plasma plume with the incoming laser. In addition, to account the fact that the properties of the target would change greatly in a wide range of temperature from ambient temperature to close to the critical temperature, the temperature dependence of optical and thermophysical properties of aluminum (Al) are considered in the model. The finite volume method (FVM) is used to solve the hyperbolic heat conduction equation.
The paper is organized in sections as follows: Section 2 presents the process of establishing the theoretical model in detail. In Section 3, the effects of the plasma shielding, relaxation time, and laser fluence are discussed and the effectiveness of model is verified by comparing the simulation results with the experimental results. Finally, some conclusions are given in Section 4.
Theoretical Model

Heat Conduction Equation for Two Different Stages
When the metal target is ablated by ultra-short pulsed laser, the absorption depth of the target is much smaller than the diameter of the laser beam. Therefore, the heat conduction problem can be described by one-dimensional heat conduction equation along the direction of laser irradiation. At the same time, in the process of ultra-short pulsed laser ablation, the heat affected area is small, which makes the thickness of melting layer smaller [65] . Therefore, the effect of the dielectric layer is not considered in this model, which has a great influence on nanosecond laser ablation [66, 67] . In order to consider the effects of target evaporation, phase explosion, plasma expansion and plasma shielding, the ablation process is divided into two stages: Before and after evaporation and the corresponding heat transfer model are established.
Heat Conduction Equation before Evaporation
When the target temperature is less than boiling temperature, the heat taken away by target evaporation and plasma shielding is not considered. Therefore, the conservation law of energy can be expressed as [68] :
where ρ(T), C p (T) are density and specific heat which vary with the temperature, respectively. S is the heating term which is given by:
where α(T) and β(T) are absorption coefficient and surface absorptivity of the target which vary with the temperature, respectively. I L (t) is the laser intensity that reaches the target surface. Combining Equation (1) with the CV model [14] :
The hyperbolic heat conduction equation could be obtained as follows:
where k(T) is thermal conductivity which varies with the temperature and τ 0 is the relaxation time and is estimated to lie between 10 −14 s and 10 −11 s for pure metals [69] . The corresponding initial condition and boundary condition are given by:
where T 0 is the room temperature (300 K), l is the length of target, σ and ε are the Stefan-Boltzmann constant and the emissivity of target, respectively.
Heat Conduction Equation after Evaporation
When the target surface temperature is higher than boiling point, the effects of evaporation and plasma shielding will become noticeable. Therefore, the heat taken away by evaporation and plasma shielding should be considered and the conservation law of energy can be given by [68] :
Combining Equation (6) with Equation (3), the hyperbolic heat conduction equation could be obtained as follows:
where u(T) is the velocity of evaporation which is given by [70, 71] :
where C s is the evaporation coefficient, P b is the boiling pressure (100,000 Pa), m a is the mass of aluminum atom, k B is the Boltzmann constant, T s is the temperature of the target surface which varies with time, T b is the boiling point, ρ(T s ) is the density which varies with the surface temperature, and L hv is the latent heat of vaporization. Based on continuous temperature condition, the initial conditions for the second phase are given by:
where t b is the time for the surface to reach the boiling point. Based on the law of conservation of energy, the boundary condition can be expressed as:
Plasma Expansion and Plasma Shielding
The evaporation and phase explosion form a plasma plume on the target surface, and then the plasma plume will expand and absorb part of the incident laser energy [68] . The laser wavelength used in this model is 800 nm. Therefore, in the plasma shielding model, the absorption of laser energy by plasma plume only considers the inverse bremsstrahlung mechanism (IB). Other mechanisms such as photo-ionization and Mie absorption are ignored in the model due to the influence of other absorption mechanisms being smaller when the laser wavelength is higher [72] . α IB , the absorption coefficient of IB, is given by [73] :
where Z is the average charge, n i is the ion density, T p is the plasma temperature, ω is the laser frequency, and h is the Planck constant. The ion number density could be obtained from the Saha equation which is expressed as [74] :
where n 0 and IP 1 are the number density of neutral atoms and the first ionization potential, respectively. Assuming that n 0 is uniformly distributed in the length of plasma shielding, it can be expressed as:
where S ab is the ablation depth, and H p is the length of plasma shielding which is given by:
where v p is the plasma expansion speed. The length of plasma shielding varies with the plasma expands outward, and the dynamic equation of plasma expansion is given by [73] :
where x p (t) is the plasma expansion distance. The plasma expansion speed can be given by:
In the calculation, the initial velocity of the plasma is defined by [75] :
Therefore, the intensity of laser reaching the target surface after absorbing part of the energy by the plasma plume can be given by:
where I 0 (t) is the incident laser intensity which is given by [34] :
where I max and t max are the maximum laser intensity and the time to reach the maximum laser intensity, respectively. The relationship between the maximum laser intensity and laser fluence (F f luence ) could be given by:
The ratio of the laser intensity to the maximum laser intensity varies with time is shown in Figure 1 . The laser pulse time (t p ) taken as full width at half maximum (FWHM) is also shown in Figure 1 . In this paper, the pulse time of the laser set as 170 fs.
where 0 ( ) I t is the incident laser intensity which is given by [34] :
where max I and max t are the maximum laser intensity and the time to reach the maximum laser intensity, respectively.
The relationship between the maximum laser intensity and laser fluence ( fluence F ) could be given by:
The ratio of the laser intensity to the maximum laser intensity varies with time is shown in Figure 1 .
The laser pulse time ( p t ) taken as full width at half maximum (FWHM) is also shown in Figure 1 . In this paper, the pulse time of the laser set as 170 fs. 
Properties of Al
The temperature dependence of optical and thermophysical properties and other parameters of Al used in this paper are summarized in Table 1 . 
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The calculation equation is shown in Reference [71] [71]
[71]
Numerical Method
The hyperbolic heat conduction equation is solved by using the finite volume method. In the numerical calculation, five parameters, i.e., density, specific heat, thermal conductivity, absorption coefficient and absorptivity, in every layer are updated in each time step. In the second stage, the plasma plume expansion and the laser intensity after passing through the plasma plume are calculated simultaneously, and coupled in each time step.
Ablation depth due to evaporation is calculated by using the evaporation velocity at each time step. In this paper, it is assumed that the target layers that reach 0.9T cr are immediately ablated by phase explosion, and these layers are accounted as explosion depth and are ignored in the subsequent calculation [71, 72] . The ablation depth of the target is the sum of the evaporation depth and the phase explosion depth [71] .
Results and Discussions
The Effect of Plasma Shielding
In this section, the effects of the plasma shielding are discussed. The variations of laser intensity and ablation depth, without and with plasma shielding, with time are compared in Figure 2 at laser fluence of 10 J/cm 2 . The figure shows that the variation curves of laser intensity and ablation depth have great difference between with plasma shielding and without plasma shielding. The separation time of the two ablation depth curves is the same as that of the two laser intensity curves. This is because when the ablation depth reaches a certain level, dense plasma will be generated on the target surface, which reduces the laser intensity that reaches the target surface. This, in turn, affects the ablation process and slows down the increase of the ablation depth. Figure 3 shows the variation of plasma shielding proportion, which is the ratio of fluence absorbed by plasma plume to fluence of incident laser fluence, with laser fluence. The figure shows that the shielding proportion increases as the laser fluence increases which indicates that the opacity of the plasma plume increases with the increase of the laser fluence. Therefore, it can be concluded that the plasma shielding can't be ignored in the process of ultra-short pulsed laser ablation, especially at high laser fluence. The effect of the plasma shielding is considered in the subsequent results presented in the paper. shielding proportion increases as the laser fluence increases which indicates that the opacity of the plasma plume increases with the increase of the laser fluence. Therefore, it can be concluded that the plasma shielding can't be ignored in the process of ultra-short pulsed laser ablation, especially at high laser fluence. The effect of the plasma shielding is considered in the subsequent results presented in the paper. Figure 3 shows the variation of plasma shielding proportion, which is the ratio of fluence absorbed by plasma plume to fluence of incident laser fluence, with laser fluence. The figure shows that the shielding proportion increases as the laser fluence increases which indicates that the opacity of the plasma plume increases with the increase of the laser fluence. Therefore, it can be concluded that the plasma shielding can't be ignored in the process of ultra-short pulsed laser ablation, especially at high laser fluence. The effect of the plasma shielding is considered in the subsequent results presented in the paper. 
The Effect of Relaxation Time
In this section, the effects of the relaxation time are discussed. The temperature variation in the surface layer of target at different relaxation time is shown in Figure 4 for a laser fluence of 10 J/cm 2 . As can be seen from the figure, the relaxation time has a notable effect on the temperature. The rising time of temperature of surface layer becomes late as the relaxation time increases, and the rising rate of surface layer temperature becomes slow with the increase of relaxation time. At relaxation times of 0.0 s, 1.0 × 10 −14 s, 1.0 × 10 −13 s, 1.0 × 10 −12 s, the time of the surface layer temperature rising to the melting point is 47.2 fs, 51.9 fs, 60.4 fs and 67.3 fs, respectively. When the temperature exceeds the melting point, the surface layer temperature increases exponentially and the growth rate decreases with the increase of the relaxation time. Finally, the temperature of surface layer reaches 0.9Tcr and the phase explosion ablation occurs. 
In this section, the effects of the relaxation time are discussed. The temperature variation in the surface layer of target at different relaxation time is shown in Figure 4 for a laser fluence of 10 J/cm 2 . As can be seen from the figure, the relaxation time has a notable effect on the temperature. The rising time of temperature of surface layer becomes late as the relaxation time increases, and the rising rate of surface layer temperature becomes slow with the increase of relaxation time. At relaxation times of 0.0 s, 1.0 × 10 −14 s, 1.0 × 10 −13 s, 1.0 × 10 −12 s, the time of the surface layer temperature rising to the melting point is 47.2 fs, 51.9 fs, 60.4 fs and 67.3 fs, respectively. When the temperature exceeds the melting point, the surface layer temperature increases exponentially and the growth rate decreases with the increase of the relaxation time. Finally, the temperature of surface layer reaches 0.9T cr and the phase explosion ablation occurs. The surface temperature characteristics of the target are shown in Figure 5 under different relaxation times. It should be noted that the target surface refers to the instantaneous surface position after ablation, which varies with the ablation depth. As can be seen from the figure, for the same relaxation time, the surface temperature of the target rises rapidly to 0.9Tcr and induces the phase explosion. Because of the continuous injection of laser energy, the phase explosion will continue to occur, so the temperature will be maintained at the position of 0.9Tcr. When the laser energy is reduced to a certain value, the surface temperature cannot be maintained at 0.9Tcr, which means that the phase explosion ends, and the target temperature will begin to drop. When the The surface temperature characteristics of the target are shown in Figure 5 under different relaxation times. It should be noted that the target surface refers to the instantaneous surface position after ablation, which varies with the ablation depth. As can be seen from the figure, for the same Energies 2018, 11, 3163 9 of 17 relaxation time, the surface temperature of the target rises rapidly to 0.9T cr and induces the phase explosion. Because of the continuous injection of laser energy, the phase explosion will continue to occur, so the temperature will be maintained at the position of 0.9T cr . When the laser energy is reduced to a certain value, the surface temperature cannot be maintained at 0.9T cr , which means that the phase explosion ends, and the target temperature will begin to drop. When the target temperature drops to 0.8T cr , the optical and thermophysical properties (absorptivity, absorption coefficient, thermal conductivity) of the target will change greatly at this temperature, so there will be a small range of sudden drop in the target temperature.
Compared with the different relaxation time, the relaxation time has a notable effect on the temperature characteristics of the target surface. When the relaxation time is 0.0 s, i.e., without considering the non-Fourier effect, the time of surface temperature rising to 0.9T cr is the fastest and the end of the phase explosion is at the latest which means that the maintenance time of phase explosion is the longest. When the relaxation time is higher than 0.0 s, i.e., with considering the non-Fourier effect, the maintenance time of phase explosion decreases as the relaxation time increases. The surface temperature characteristics of the target are shown in Figure 5 under different relaxation times. It should be noted that the target surface refers to the instantaneous surface position after ablation, which varies with the ablation depth. As can be seen from the figure, for the same relaxation time, the surface temperature of the target rises rapidly to 0.9Tcr and induces the phase explosion. Because of the continuous injection of laser energy, the phase explosion will continue to occur, so the temperature will be maintained at the position of 0.9Tcr. When the laser energy is reduced to a certain value, the surface temperature cannot be maintained at 0.9Tcr, which means that the phase explosion ends, and the target temperature will begin to drop. When the target temperature drops to 0.8Tcr, the optical and thermophysical properties (absorptivity, absorption coefficient, thermal conductivity) of the target will change greatly at this temperature, so there will be a small range of sudden drop in the target temperature.
Compared with the different relaxation time, the relaxation time has a notable effect on the temperature characteristics of the target surface. When the relaxation time is 0.0 s, i.e., without considering the non-Fourier effect, the time of surface temperature rising to 0.9Tcr is the fastest and the end of the phase explosion is at the latest which means that the maintenance time of phase explosion is the longest. When the relaxation time is higher than 0.0 s, i.e., with considering the non-Fourier effect, the maintenance time of phase explosion decreases as the relaxation time increases. The ablation depths vary with time at different relaxation times are shown in Figure 6 . The slops of the ablation depth indicate that the ablation rate initially increases and then the rate of increase slows down gradually until it equals to zero. At the same time, the relaxation time has a notable effect on the ablation depth of the target, and when the relaxation time is 0.0 s, the ablation depth is the deepest. However, when the relaxation time is higher than zero, the ablation depth is shallower with the increase of the relaxation time, but the trend of shallower ablation depth decreases as the relaxation time increases. The ablation depths vary with time at different relaxation times are shown in Figure 6 . The slops of the ablation depth indicate that the ablation rate initially increases and then the rate of increase slows down gradually until it equals to zero. At the same time, the relaxation time has a notable effect on the ablation depth of the target, and when the relaxation time is 0.0 s, the ablation depth is the deepest. However, when the relaxation time is higher than zero, the ablation depth is shallower with the increase of the relaxation time, but the trend of shallower ablation depth decreases as the relaxation time increases. 
The Effect of Laser Fluence
The temperature characteristics of four different laser fluence with at relaxation time of 1.0 × 10 −13 s are shown in Figure 7 . As shown in this figure, as the laser fluence increases, the time at which the surface of the target reaches the phase explosion is advanced, and the time at which the 
The temperature characteristics of four different laser fluence with at relaxation time of 1.0 × 10 −13 s are shown in Figure 7 . As shown in this figure, as the laser fluence increases, the time at which the surface of the target reaches the phase explosion is advanced, and the time at which the phase explosion ends is correspondingly delayed, thereby the maintenance time of phase explosion increases. Figure 8 shows the variation of ablation depth with time when the relaxation time is 1.0 × 10 −13 s under four different laser fluences. As shown in the figure, when the ablation depth is increasing, the slope of the ablation depth curve increases as the laser fluence increases which indicates that the ablation rate is faster. Therefore, the ablation depth increases with the increase of the laser fluence. At the same time, it can be seen from the figure that the biggest difference in ablation depth under different laser fluences is at the FWHM of the laser, and the difference of ablation depth caused by other time is small. In addition, although the evaporation ablation rate is faster at the phase explosion temperature (about 79 m/s), the evaporation depth is small due to the short duration. Even when the fluence is 20 J/cm 2 , the evaporation depth is only 0.05 nm. This indicates that the ablation mechanism of ultra-short pulsed laser ablation is dominated by phase explosion. However, in nanosecond laser ablation, there is a laser fluence threshold which changes from evaporation to phase explosion [71] . The ablation depth, the superheated liquid layer (temperature above the boiling point and below 0.9Tcr) and the melting layer (temperature above the melting point and below the boiling point) as a function of time are shown in Figure 9 . It can be seen from the figure that the thickness of the melting layer and the superheated liquid layer are very small during the period from the beginning to the end of the ablation, which indicates that the ablation speed of ultra-short pulsed laser is very fast and the heat conduction to the inside of the target is less. After the ablation is The ablation depth, the superheated liquid layer (temperature above the boiling point and below 0.9Tcr) and the melting layer (temperature above the melting point and below the boiling point) as a function of time are shown in Figure 9 . It can be seen from the figure that the thickness of the melting layer and the superheated liquid layer are very small during the period from the beginning to the end of the ablation, which indicates that the ablation speed of ultra-short pulsed laser is very fast and the heat conduction to the inside of the target is less. After the ablation is The ablation depth, the superheated liquid layer (temperature above the boiling point and below 0.9T cr ) and the melting layer (temperature above the melting point and below the boiling point) as a function of time are shown in Figure 9 . It can be seen from the figure that the thickness of the melting layer and the superheated liquid layer are very small during the period from the beginning to the end of the ablation, which indicates that the ablation speed of ultra-short pulsed laser is very fast and the heat conduction to the inside of the target is less. After the ablation is finished, the depth of the melted layer and the superheated liquid layer will increase due to the large temperature gradient on the surface and inside of the target, but the depth of the increase is lower, and the sum of the depths of the two is less than 30 nm. In the Reference [71] , the melting depth of the nanosecond laser ablation (F fluence ≈ 17 J/cm 2 , t p = 10 ns) is more than 2000 nm, which indicates that ultra-short pulsed laser ablation can effectively reduce the heat affected zone compared to nanosecond pulsed laser ablation. 
Model Validation
In order to verify the validity of the model, numerical simulations were carried out under the same conditions as the experiments in Reference [58] . At the same time, although the simulation results of ultra-short pulsed laser ablation of Al by TTM-HD in Reference [58] agree well with the experimental results, the model used in Reference [58] cannot study the ablation mechanism and does not consider the effect of plasma shielding, which cannot be ignored at higher laser fluence. Figure 10 presents the experimental results and the simulation results of three theoretical models which are the model without considering plasma shielding and the non-Fourier effect, the model with considering plasma shielding but without considering the non-Fourier effect, and the model with considering plasma shielding and the non-Fourier effect, respectively.
It can be seen from Figure 10 that the simulation results are higher than the experimental results when the non-Fourier effect is not considered whether or not the plasma shielding is considered. The simulation results based on the model without considering plasma shielding are higher than the results based on the model with considering plasma shielding and the difference between the results of the two models increases as the laser fluence increases. This is because the proportion of laser fluence absorbed by plasma plume increases as the laser fluence increases.
On the contrary, the simulation results based on the model considering plasma shielding and the non-Fourier effect are in better agreement with the experimental results. Therefore, it can be concluded that the plasma shielding and the non-Fourier effect play an important role in the ultra-short pulsed laser ablation process. Although there are some differences between the results of simulation and experiment, the model with considering the plasma shielding and the non-Fourier effect can still simulate the ultra-short pulsed laser ablation process better. 
Conclusions
The non-Fourier heat conduction model of ultra-short pulsed laser ablation of metal established in this paper takes into account the effect of heat source, laser heating of the target, the evaporation and phase explosion of target material, the formation and expansion of the plasma plume, and interaction of the plasma plume with the incoming laser. In addition, temperature dependent of optical and thermophysical properties are considered in the model due to the properties of the target will change over a wide range during the ultra-short pulsed laser ablation process. The results are summarized as follows:
1. The plasma shielding is an important physical mechanism that cannot be ignored in the process of ultra-short pulsed laser ablation, especially at high laser fluence. 2. The non-Fourier effect has a notable effect on the temperature characteristics and ablation depth of the target. The maintenance time of phase explosion decreases with the increase of relaxation time and the ablation depth is shallower with the increase of the relaxation time. 3. The ablation depth increases with the increase of the laser fluence and the biggest difference in ablation depth under different laser fluences is at the FWHM of the laser, and the difference of ablation depth caused by other time is small. 4. The ablation mechanism of ultra-short pulsed laser ablation is dominated by phase explosion and the ultra-short pulsed laser ablation can effectively reduce the heat affected zone compared to nanosecond pulsed laser ablation. 5. The comparison between the simulation results and the experimental results in literature shows that the model without considering the plasma shielding and the non-Fourier effect may result in overestimation of the ablation depth. On the contrary, the simulation results based on the model considering plasma shielding and the non-Fourier effect are in better agreement with the experimental results which indicates that the model with considering the plasma shielding and the non-Fourier effect can better simulate the ultra-short pulsed laser ablation process.
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Conclusions
1.
The plasma shielding is an important physical mechanism that cannot be ignored in the process of ultra-short pulsed laser ablation, especially at high laser fluence.
2.
The non-Fourier effect has a notable effect on the temperature characteristics and ablation depth of the target. The maintenance time of phase explosion decreases with the increase of relaxation time and the ablation depth is shallower with the increase of the relaxation time.
3.
The ablation depth increases with the increase of the laser fluence and the biggest difference in ablation depth under different laser fluences is at the FWHM of the laser, and the difference of ablation depth caused by other time is small. 4.
The ablation mechanism of ultra-short pulsed laser ablation is dominated by phase explosion and the ultra-short pulsed laser ablation can effectively reduce the heat affected zone compared to nanosecond pulsed laser ablation.
5.
The comparison between the simulation results and the experimental results in literature shows that the model without considering the plasma shielding and the non-Fourier effect may result in overestimation of the ablation depth. On the contrary, the simulation results based on the model considering plasma shielding and the non-Fourier effect are in better agreement with the experimental results which indicates that the model with considering the plasma shielding and the non-Fourier effect can better simulate the ultra-short pulsed laser ablation process.
